Efficient nucleophilic addition reactions of indole derivatives with various azo-linked aldehydes were carried out using Fe 3+ -montmorillonite K10 under solvent-free conditions to afford the corresponding diindolylmethanes in short reaction times and excellent yields.
Introduction
It is well known that diindolylmethanes (DIMs) and related compounds exhibit a wide range of biological activities, such as antibacterial, antitumor and antileishmanial properties [1, 2] . Diindolylmethanes are the most active cruciferous substances for promoting beneficial estrogen metabolism in women and men [3] . DIMs increase the body's natural metabolism of hormones and promote the production of good estrogen (2-hydroxyestrogen) . This indole antioxidant is patented for alleviating symptoms of fibromyalgia [4] . Thus, the synthesis of indole and its derivatives has been a popular topic for research. Several synthetic methods for the preparation of DIMs have been reported using catalysts such as HOAc [5] , molecular iodine [6] , montmorillonite clay K10 [7, 8] , indium trichloride and triflate [9] , aluminum chloride [10] , ion exchange resin [11] , lithium perchlorate [12] , copper (II) bromide [13] , molibdatophosphoric acid [14] , scandium (III) trifluoromethanesulfonate [15] , bentonite [16] , silica supported sodium hydrogen sulphate and amberlyst-15 [17] . Most of these methods suffer from disadvantages such as long reaction periods, use of expensive Lewis acids, harsh reaction conditions, excess toxic solvents, low yield and a cumbersome product isolation procedure. Due to these problems, it is desirable to develop a green, more efficient, mild and versatile method for the synthesis of diindolylmethanes in improved yields. In recent years, science and technology has been moving toward the use of eco-friendly, solvent-free conditions in organic synthesis. This has led in some cases to improved results and more benign synthetic methods, including the use of inexpensive and eco-friendly materials as a catalyst [18] . In addition, prior research has focused on solvent-free syntheses [19] . Azo dyes are compounds that contain azo groups linked to methane or an aromatic sp 2 -hybridized C-atom. Azo dyes are a well-known class of organic photoactive materials due to their excellent optical switching properties, good chemical stabilities and high solution process abilities [20, 21] . Amaranth is a common azo dye colorant and is implicated in adverse reactions, such as chronic urticarial and angio-edema in adults and children [20, 22] . These materials are also widely used in the textile and heat transfer printing industries [23] , as well as the photo-refractive polymer and optical data storage industries [24, 25] .
Because of the importance of diindolylmethanes owing to their wide range of pharmacological activities, we were interested in the synthesis of azo-linked diindolylmethanes. Although it is not the first synthesis of azo-linked diindolylmethanes [26] , we have optimized the reaction time, yield and reusability of the catalyst. This is the first report of the synthesis of azo-linked diindolylmethanes using synthetic Fe 3+ -montmorillonite K10 under solvent-free conditions.
Results and discussion
Recent development in diindolylmethane chemistry and our continued interest in the development of green and efficient syntheses of pharmaceutical and heterocyclic compound [27] [28] [29] [30] motivated us to develop an efficient method for the synthesis of azo-linked diindolylmethanes. Various azo-linked aldehydes and indole derivatives were used as starting materials, and Fe 3+ -montmorillonite K10 was employed as the catalyst under solvent-free conditions (Scheme 1).
At the onset of this work, we investigated a variety of conditions with the model reaction of 2-hydroxy-5-(phenyldiazenyl) benzaldehyde and indole using Fe 3+ -montmorillonite K10 as a promoter (Table 1) A series of azo-linked aldehydes with either electrondonating or electron-withdrawing groups attached to aromatic ring were investigated. The substitution groups on the aromatic ring had no obvious effect on the yield. As expected, satisfactory results were observed and the results are summarized as Table 2 .
Apart from the mild conditions of the process and its excellent results, the simplicity of product isolation and the ability to recycle the catalyst offer significant advantages. Because K10 is insoluble in acetone/chloroform and the other desired products are soluble in it, the catalyst can be easily separated by filtration. The remaining reaction solution can be evaporated to furnish the crude product. It is shown that the catalyst can be recycled after six rounds while retaining catalytic efficiency; indeed, it is not decreased even in the seventh round.
Following these results, we further investigated the potential of Fe 3+ -montmorillonite K10 to catalyze the selective synthesis of azo-linked diindolylmethanes of different types of azo-linked salicylaldehydes. The results showed that Fe 3+ -montmorillonite K10 is able to discriminate between aromatic compounds containing electron-donating and electron-withdrawing groups, a transformation that is difficult to accomplish via conventional methods (Scheme 2).
The structures of the synthesized compounds were elucidated by IR, NMR and elemental analysis. In the 1 H NMR spectra of azo-linked diindolylmethanes, the benzylic C H proton resonated at 6.1-6.2 ppm, and in the 13 CNMR spectra of azo-linked diindolylmethanes, the benzylic C H carbon resonated at 32 ppm.
Experimental
Chemicals were purchased from Merck and Fluka and used as purchased. Melting points were measured on an Electro-thermal 9100 apparatus. 1 HNMR spectra were obtained on a Bruker DRX 500, 250 in DMSO-d 6 as solvent and with TMS as internal standard. FT-IR spectra were recorded on a Shimadzu FT-IR-8400S spectrometer. Elemental analyses were recorded on a Carlo-Erba EA1110CNNO-S analyser.
General procedure for the solid state synthesis of azo-linked dihydropyridines 3a-k
A mixture of indole (2.0 mmol), azo-linked aldehyde (1.0 mmol) and catalyst Fe 3+ -K10 (0.1 g) was added to a mortar and the mixture was pulverized with a pestle. A spontaneous reaction took place (4-12 min, Table 2 , monitored by TLC, 4:1, hexane/acetone). After completion of the reaction, acetone (10 mL) was added, and insoluble reagents were removed by filtration. The filtrate was evaporated under reduced pressure, and the resulting crude material was purified by recrystallization from ethanol to afford pure products. 13 
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Conclusion
We developed an efficient, green, fast and convenient procedure for the synthesis of azo-linked diindolylmethanes through electrophilic substitution of azo-linked aldehydes and indole derivatives over a montmorillonite catalyst in the solid state. This procedure offers advantages such as reduced reaction time, mild reaction conditions, higher yield, ease of execution and economic viability. This simple process combined with the ease of recovery and recyclability of the catalyst make this an economic, environmentally benign and wastefree chemical process for the synthesis of azo-linked diindolylmethanes.
